
,. CIA-RDP96-00'?9R000100030001-9 

Established 18-1:S 

~~ij?.fF~e 2000/08/10 

AMJERICAN February 1970 Volume 222 Number 2 

------

13 

22 

32 

52 

\/68 

82 

88 

98 

ARTICLES 

THE .-\SSESS~IE\:T OF TECff\'OLOGY, hy Harvey Brooks and Haymond 
Ilowcrs How can technology be fostered while avoiding undesirable effects? 

LAHGE-SCALE J:\TECR.\TfO~ I:\ ELECTRO:\'ICS, by F. G. Heath 
Thousands of circuit elements can now be simultaneously madeonasingle"chip." 

THE AFAR TRIA\:GLE, by Haroun Tazidf 
A fantastic landscape beside the Red Sea appears lo be an ocean in the making. 

TIIE PHYSIOLOGY OF 1IICII ALTITCDE, by Haymond J. Hock 
How do men and other animals adapt to permanent residence above 6,000 feet? 

PAHTICLES THAT CO FASTER THAN LICIJT, hy Ccrnld Fcii1bcrg 
They have not been discovered, but there are reasons to believe they may exist. 

PIIOSPHE:\ES, by Gerald Oster 
The patterns ,ve see when we close our eyes are clues to how the eye works. 

THE HAi\CELA:\'DS OF THE WESTEHN U.S., hy R. :\lerion Lon~ 
These vast tracts normally reserved for grazing can have other humane mes. 

CELL SL'HCEHY BY LASEH, by .Michael \V. Bcms and Donald E. Rounds 
A tiny, intense spot of light is used to probe the physiology of the living cell. 

DEPARTMEl\TS 

6 LETTERS 

9 50 AND 100 YEARS AGO 

10 THE AUTHORS 

42 SCIENCE AXD THE CITIZEN 

112 MATIIE::\IA TI CAL GAMES 

116 THE A:-.IATEUR SCIE:'l!TIST 

122 BOOKS 

126 BIBLIOGRAPHY 

, o>. R c o F e o, To u Gerard Piel (Publisher), Dennis Flanagan (Editor), Francis Bello (Assocbtc Editor), 
Philip ::\1orrhon (Book Editor), Jonathan B. Piel, John Purcell, James T. Rogers, 
Armand Schwab, Ji., C. L. Stong. Joseph Wisnovsky 

An ~ e PA RT,, e N 1 Jerome Snyder (Art Director). Samuel L. 1 loward (Associate Art Director) 
•• o o u c r, o" o ••••Tu" 1 Richard Sasso (Production :-.Ianagcr), Arnold P. Shindler and Doreen Trager (Assistant 

Production :-.tanagers), P,1uline Hay 
co ,r o e • A RH< e ,n Sally Porter Jenks (Copy Chief), Sally S. Fields, Dorothy Patterson, Julio E. Xavier 

GfNHAL MANAGER Donald H. ~fillcr,Jr. 
Ao v n 11 s , H G M,. N AG EA Alfan \ Vittman 

AUISTANT ro 1He ,ua.,sHER Stephen ::\1. Fischer 

~~~~·~~111~wu:,Eo.r.:Rtte.;rs.e:.it.u,,~,~1.1i»oK·;~~t.J.\-::~~~~~g,~~,:.?f~~~~ 00030001-9 
0ND-~CV.:i$ MAIL SY THt IC.,Sl Off IC(; Oi.f'ARlt.1{;Nf 1 OTlAWA, CANADA, ,4.:i..D FCR PAtMENi OF f'0STAGE. !N CASH. SU8\C~!PrlCN f..\~E: $10 t'Elt Y(~R. , 



q 
J; 
' I 
; 

!; 

I 

I 
I. 
I 

I 

' \c 
\ ]; -



£.Darts to detect such particles, na,necl tachy·ons, haoe yielded 

on!J,,. negatire results. Co,itra '),.to co nun on beli<?;f, hoUJeVer, the£r 

e."l'istence would not be inconsistent crith the theo,y of relatioity 

Since the fommlation of the special 
theory of relativity by Einstein in 
1905 and its subsequent verifica

tion by imiumerable experiments, physi
cists have generally believed tlrnt the 
speed of light in a vacuum (about 300,-
000 kilometers per second) is the maxi
rimm speed at \'v"hich energy or informa
tion can travel through space. Indeed, 
Einstein's first article on relativity con
tains the statement that "velocities great
er than that of light •.. have no possibil
ity of existence." 

The basis of Einstein's conclusion was 
his discovery that the equations of rela
tivity implied that the mass of an object 
increases as its speed increases, becom
ing infinite at the speed of light (which 
is 1isually denoted c). Since the mass 
of a body measures its resistance to 
a c11ange of speed, when the mass be
comes infinite the body cannot be made 
to go any faster. Stated somewhat differ
ently, the relation between energy and 
speed implied by relativity is such that 
as the speed of :: body approaches c its 
energy becomes infinite. Since this ener
gy must be supplied by whatever is ac
celerating the body, an infinite source of 
energy would be needed to speed up a 

liy Grrnltl Feinberg 

body to the speed of light from any low
er speed. ?-:o such infinite energy source 
is available, and so it is impossible to 
make a body go from less than c to c. 

Furthem1ore, if a body could some
how be made to go from a speed less 
than c to one greater than c, the same 
relativity equations imply that its energy 
and momentum would become imagi
nary numbers, that is, numbers contain
ing a square root of a negative number. 
This situation docs not seem to have any 
physical meaning. Objects with imagi
nary energy clearly cannot exchange 
energy with objects having real energy 
and hence cannot affect them. Accord
ingly, such objects could not be detected 
by real instruments, and can be said not 
to exist. Within the context in which 
Einstein worked, where the properties 
of objects varied continuously and where 
the creation of new objects was not con
sidered, it therefore seemed a logical 
conclusion that no form of energy, and 
hence no matter, could travel faster than 
light. 

With .the development of subatom
ic physics, however, the context has 
changed considerably. \Ve now know 
that the subatomic particles can easily 

be created or destroyed, and that in their 
mutual interactions their energies and 
other properties change discontinuously, 
rather than in the smooth way envi
sioned in classical physics. Therefore one 
can imagine the creation of particles al
ready traveling faster than light, and so 
avoid the need for accelerating them 
through the "light barrier" with the at
tendant expenditure of infinite energy. 

In addition, one can consistently re
quire that such particles alu;ays travel at 
speeds greater than c, which ob\.'iously 
cannot be the case for kn0\\"11 particles. 
If one assumes these conditions, there 
is no problem in satisfying the require
ment that the particles carry real en
ergy and momentum. This can be done 
mathematically by allowing a certain 
constant that appears in the relation be
tween energy and speed to be an imagi
naiy number, rather than a real number 
as it is for ordina1y particles [see top il
lustration on next ttco pages]. This con-· 
stant is usually known as the rest mass, 
because for ordinary objects, which can 
be slowed to rest, it gives the value of 
the object's mass when at rest. 

For the hypothetical faster-than-light 
particles, which can never be brought to 

r 
SEARCH }'OR TACHYONS led the author and his colleagues at Columbia University to 
scrutinize tbousimds of Lubhle-chamber photographs such as the one on the oppo,ite page 
for indirect evidence of 1he occurrence of neutral tachyons among the by.products of cer• 
tain subatomic interactions. The photographs, "hich were originally made at the Brook
haven National Laboratory for another experiment, were analyzed by means of the "mi~s
ing mass" method. In this approach the energy and momentum of the charged particles in 
the reaction are mea,;ured directly from the configuration of the tracks they make in the 
bubble chamber. Although neutral particles are usually not observed directly, it is possible 
to tell from the values mc:.irnrcd for the ch:.irged particles whether or not any ncutrnl p:.ir• 
tides have licen produced, and also what the missing mass of these particles i,. In this «;aEe 
a neg>1th•e K meson <K-) wa~ allowed to come to rest and he captured by a proton in the 
hydrogen lrnhble clrnmhcr ( see ,liugram at le/ t). One neutral pattide, a lambda hyper on 
C\11), was produced ,rn<l was detected through it$ decay into two tharged particle,, a nef(a• 
tive pion ( tt"-·) and a proton Ip+ ) . Jn order to conserve energy ancl momentum, another 
ueutrnl particle (xU J had to he produced in this reaction, Inn the experimenters were able 
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EQUATIONS OF RELATIVITY pertinent to a disctmion of the 
possible existence of tachyons are shown on these two pages. The 
relation between energy and speed thar must Le satiofiecl hy any 
object obeying the special theory of relativity is given by equation 
a, where E is the energy of the object, v is its speed and c is the 
speed of lighl. The quantity m is known as the rest mass of the ob· · 
ject and is related to the energy E0 that the object has at rest by 
equation b. For a body traveling faster than light v2/c2 is greater 

than one; consequently the quantity under the square-root sign in 
e.quation a i, negath·e, and the denominator of the quan:ity that is 
equal to E in the same equation is an imaginary number (that i:;. a 
numher containing a square root of a negative number). In order 
to make E a real number one must choo.3e m to be an imaginary 
nuinbcr, say m = p,'\,1-'i. As long as the oLject always travels at 
more than the speed of light, its energy, ,, hich ca11 be written in the 
form shown in equation c, will then be real, because (·i·2/c:!) -1 

rest, this constant is not directly measur
able, and there 1s no need for it to be 
real. The square of the rest mass, how
ever, can be expressed in terms of the 
measurable energy and momentum of an 
object and hence can be directly mea· 
sured. For ordinary objects the rest mass 
squared is found to be a positive real 
number. For faster-than-light particles 
it would be a negative number; indeed, 
this fact is the basis of one attempt to de
tect such particles. It should be men
tioned that there is a third class of parti
cles, including photons (light quanta) 
and neuhfoos, for which the rest mass is 
zero and whicn always travel at c. 

The possibility therefore seems to 
exist that there is a new kind of natural 
object: one that always travels faster 
than light. The latter statement is in
variant, in the sense that if a body trav .. 
els faster than light with respect to one 
observer, it will do so with respect to any 
other observer himself traveling in rela
tion to the first at less than the speed of 
light. These are the only observers of 
which we have any knowledge. It must 
be stressed that all the considerations 
given here and below are consistent with 
the special theory of relativity, and as
sume the validity of its equations for de
scribing particles, even if the particles 
travel faster than ligl1t. 

trast, an increase in speed results in a 
decrease in energy. Hence a tachyon 
that was losing energy by interacting 
with matter or by radiating light would 
speed up, whereas a tachyon that was 
gaining energy from some outside source 
would slow down, and its speed would 
approach c from above rather than be
low. Thus c acts as a limiting speed for 
tachyons also, but the limit is a lower 
limit, rather than the upper limit that 
it is for ordiirary objects. 

In the limiting case of a tachyon mov
ing at infinite speed its total energy 
would be zero, although its momentum 
·would remain finite. It should be empha
sized that for a tachyon at infinite speed 
it is the total energy that is zero and not 
just the kinetic energy. For an ordinary 
particle with nonzero rest mass the total 
energy can never vanish. 

The condition of infinite speed is, 
however, not invariant but depends on 
the observer. If a tachyon were moving 
at infinite speed as seen by one observer, 
its speed as measured by another ob
server in motion with respect to the first 
would not be infinite but rather some 

ways less than its momentum multiplied 
by c; this ambivalence does not apply 
to ordinary particles. if negative-energy 
tachyons were emitted by the unexcited 
atoms of ordinary matter, this would 
cause the emitting atoms to be unstable, 
and hence the existence of such tachyons 
,vould contradict the Jmown stability o[ 

ordinary matter. 

Tl1e change in the sign of the energy 
of a tachyon frorn olJservcr to ob

server is connected to another peculiar 
property of.tachyons. If an ordinary par
ticle is seen bv one observer to be emit
ted (say by ai; atom A.) at one time and 
absorbed elsewhere (by atom B) at a 

later time, then an)' other observer in 
· relali\'e motion will see this process in 
the same way-as emission by atom A 
follo,ve<l at a later time by absorption by 
atom B-although tl1e time interYa] will 
vary from observer to observer. Tachy
ons, however, because they would tra\'d 
faster than light, would move bet\vec'n 
points in "space time" whose time-order
ing can vary from observer to observer. 
The ref ore if one observer saw a tachyon 

finite value between c and infinity. This emitted by atom A at one time t 1 and 
is another way of phrasing Einstein's absorbed by atom B at a later time t2, 

discovery that simultaneity for events at another observer could find that the time 
different points in space has only a rela- t{ that he measures corresponding to t 1 

tive and not an absolute meaning. is later than the time t{ that he measure, 
A second property of tachyons that corresponding to t2 • If this ocC'urs, the J n anticipation of the possible discovery substantially distinguishes them from or- latter observer would naturally ,rnnt to 

of faster-than-light partidcs, I named dinary particles comes about from the interpret what happens in the following 
them tachyons, from the Greek word way measurements of energy and time way: The tachyon is emitted by atom B 
tachys, meaning swift. In order to show change with the relative motion of ob- at the. earlier time t,/ and absorbed by 
how physicists have gone about search- servers. For ordinary particles the ener- atom A at the later time t /. 
ing for tachyons, I shall describe some gy is a number whose value \\'ill change It can be seen that this interchange cf 
of the properties that would distinguish from observer to observer but that will emission and absorption a!,o removes 
them from ordinary particles. always be positive. A tachyon \\'hose en- th<:5 problem of negati.-c-energy t,1chy-· 

One such property follows directly ergy is posith·c for one observer, how- ons, since the re\"ersal bctwC'cn obsen·crs 
from the relation between energy and ever, might appear to be negative tooth- of the sign of the energy oceurs if and 
speed given in the er1uations of relativ- er obsen-crs in motion with respect to only if tI1e re\'ersal in time-ordering oc
ity. \Ve have seen that for ordinary par- the first. This can occur for tachyons be- curs. Since the emission of a ncgativr
ticles, as their speed increases, their en- cause of ~he e<;Lu~tion o.· f rclativitv that ~1;i;,;x~~1;J~~. 1n~ the absorption of a 
er~pprGv..eneF.rui· B.e~a.$8 ,2000l0i8k1t0a~ tC:J&~B~Etr919li&7ROOf,6!i11.1HVt.,?M1~~1tr~ide trnve!i,1g in the 
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will in this case be a posith-e quantity. The momentum 11 of any 
body oheyinl!; the speciai theory of relativity can he exprc;.sed in 
terms of its speed by means of equation d, ir1 which m is indepen· 
dent of v. It follows from a combination of this equation and equa
tion a that the quantity represented hy equation e docs not depend 
on v and hence b the same for all observers. The quantity m:! 

( called the rest mass squared) is then a constant for eath object, 
even for bodies such .as photons \light <1mmta) or tachyons, which 

'-----------------
are never at rest. One can also deduce from these relations equation 
/, \\hid1 implies that if v/c is less than one (:is it is for ordinary 
objects), then pc/E is le,s than oue, £!! - p!!c!! is :rreater than zero 
und hence m:! is positive. Ou the other hand, for ohjects that go 
fa,ter than lir,ht v/c is greater tlrnn one, E'.!. ·- p:!c:! is leos than zero 
and hence m!! is negative. In either <·ase tl1e rest mass squared 
should always have the same value for a given ohjeel and can he 
measured hy measuring the energy and momentum for the obje,:t. 

opposite direction produce the samf ef
fect on the e11ergy of a system, it is al
w,1ys possible for any obsen-er to insist 
tlrnt all tachyons hm·e posith·e energy, 
an<l that emission and absorvtion take 
place in the familiar time-ordering, thus 
removing the instability problems that 
negative-energy tachyons would present. 
This interpretation of the negative-ener
gy states of the tachyon was first pro
posed in 1962 by 0. \f. P. Bilaniuk, 
E. C. G. Sudarshan and V. K. Deshpande 
of the University of Hochester. 

The description giwn abo\'e is in 
agreement wilh the principle of relativ
ity requirilig that any process that can 
be seen by one obsen-er must also be a 

possible process for any other observer. 
The principle does not require, however, 
that different observers agree on the in
terpretation of any individual process. 
Hence there is no contradiction of the 
principle of relativity involved in the 
fact that one observer views as absorp
tion what another views as emission, 
since both absorption and emission can 
be wii.ncssed by either observer under 
suitable conditions. The novelty of tachy
ons is that emission and absorption must 
be converted into each other by a change 
in the observer's velocity, and this im
plies a closer connection between the 
two processes than exists for ordinary 
particles. 

It also implies that the number of 
tachyons in some region of space must 
vary from observer to observer. Suppose 
one observer views the process of emis
sion of a tachyon by an atom, with the 
subsequent escape of the tachyon to in
finity. A second observer may view the 
same process as the tachyon's coming 
in from outer space und being absorbed 
by the atom. Hence the hrn observers 
will disagree on the number of tachyons 
present in the past and in the future. 
Again this situation differs from that for 
ordinary particles, where the number of 
particles present at any time is i!i<le
pendent of the ohser\'er. A detailed tlieo
ry of the interaction of tachyons with 

ATOM A 

8 

--------- ---------1 
ATOM B TIME I 0 ,. 

8 

~--0 
L ____ _ 

PECULIAR PROPERTY OF TACHYONS ari,cs from the fact 
that the time-ordering of points in "space time" between which a 
faster-th:cm-lif!hl particle would move could vary from ob,erver to 
oh,erver. Thus a prorcss that appears to one ohwrver as emission 
of a tachyon 1,y one atom followed by absorption of the tachyon by 
another atom could 1,e reversed for another ohsern:r moving ,,·it!., 
re,pcc:t to the fir~t. Ju this schematic representation of such a 
phenomenon tl1e first observer (left) ~ecs atom A at rest in it, 
ground flate and atom lJ at re,t in an excited state at time t0• At t 1 
atom B emits a tacl1yon (color), dropping lo its ground state and 

ATOM A ATOM B TIME 

8----o> 0----o' to 

I 

ti' 

I _ ____ _J 

recoiling (brohc11 arrow). At t~ this tachyon is ahsorhed hy atom A, 
which jumps to an excited state and al,o recoils. In thb sit.ualion 
the time-ordering "ould be t 0, ti, l:2· To another ohscrvcr · ( righl ), 

for whom emi,&ion and absorption han, hecn exdrnngcd, the ~.)me 
process would appear as follows: Atom A js ·llOW mo, ing at time 
t0 ' hut is still in its ground state. It emits a tachyon at t/ and jumps 
to an excited state, losing rnme of its lran,lutional cncrg)'. Atom B, 
"hid1 is moving and in unexcited :;l:,tc at t0 ', ahsodis the tachyon 
at t/, dropping to the i;round ~late and gaining tram:lation.al 
energy. For this ul,scrver the time sequence would he t 0 ', t:/, t/. 
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POPULATION OF TACHYONS in a region of space at any given time would also vary 
from observer to observer. One observer (left) would view the emission of a tachyon by 
an atom at rest, with the subsequent recoil to the atom and the escape of the tachyon to 
infinity, A second obsen·er (right) would view the tachyon coming in from outer space 
and being absorbed by a moving atom, causing the atom to lose translational energy. 

energy greater than twice the individ
ual partic:le's rest energy. 

Assuming that charged tachyons are 
produced, how can they be detected and 
distinguished from other charged parti
cles that may be produced in the ~arne 
way, suc.:h as an electron-positron pair? 
A convenient way to do this is to make 
use of the fact that charged tachyons 
would continuously radiate photons even 
when passing through empty space. This 
phenomenon, known as Cerenkov racHa
tion after the Russian physicist who first 
observed it from electrons in 1937, oc
curs whenever a charged object moves 
through a substance at a speed higher 
than the speed of light in the substance. 
Thus an electron moving through glass 

· at a speed greater than about .7 c will 
emit Cerenkov radiation, since the speed 

matter, which has not yet been worked 
out, would have to take ·these features 

tachyons indeed exist. The only un- of light in glass is about .7 times its val-
known factor, apart from their existence, ue in free space. Since the speed of a 

into account. is the rate at which they would be pro- tachyon is greater than that of light in 
duced. Among known particles the pro- free space, one would expect the tachyon 1-J aving convinced ourselves that the duction rate varies by many orders of to emit Cerenkov radiation even in a 

existence of faster-than-light parti- magnitude. Pions, for instance, are pro- vacuum, and a calculation confirms the 
cles does not imply any contradiction duccd quite readily, whereas neutrinos expectation: The light would be cmittc<l 
of relativitv, we must nevertheless leave are very difficult to produce. Therefore at a characteristic angle depending on]~· 
the detcm;ination of whether such ob- whereas an experiment with a positive on the speed of the tachyon [see i/lustra
jects really happen in nature to the ex- result could establish the existence of tion on opposite page]. Calculation also 
pcrfrnental physicist. In the present state tachyons, a negative result could at best shows that a tachvon with the same 
of theoretical physics there are few cir- establish an upper limit for the rate at charge as an clectr;n would lose energy 
cumstances in which theories flatly pre- which tachyons are produced from the so quickly through Cerenkov r,di::ltion 

· diet that certain objects must exist. In- particles involved. Only the demonstra- that even if it is produced with a very 
stead these theories generally enable us tion that this rate, in all reactions stud- high energy, its energy will drop below 
to describe various hypothetical objects, ied, is much less than the rate of produc- one electron volt before it has trnvelcd 
and we must determine by experiment tion of any other particles would lead one millimeter. ,vhen this happens, the 
which objects exist in reality. For exam- to the conclusion that tachyons probably Cerenkov radiation will no longer in· 
ple, present theories allow for the de- do not exist at all. elude visible light, whose photons have 
scription of particles with an electric energies of more than two electron volts. 
charge equal to half the electron's charge Two kinds of experimental attempt to Instead the radiation will consist of infra-
and a mass six times the electron's mass, produce and detect tachyons have red and longer wavelengths, \Vhich ::trc a 
but we arc fairly confident from experi- been made so far. These experiments are good deal harder to detect. In order to 
ments that no such objects arc to be sensitive to different types of tachyon avoid this problem the Princeton experi-
found in nature. ,ve do not, however, and use very different methods, and so menters used the ingenious scheme of al
know why this is so, and we may not they will be discussed separately. The lowing any tachyons produced to move 
know until we have more fundamental first experiment, which was done two through a region empty of matter but 
theories than we have now. years ago at Princeton University by containing an electric field. The electric 

The situation with tachyons is similar; Torsten AlvLiger and :\fichael N. Kreisler, field \\;ouicl transfer energy to charged 
to settle the issue of their existence one was a search for electrically charged particles, but it would not cause ordinary 
turns to the experimentalist. This is not tachyons. It has been known for 35 years particles to radiate detectable amount'.> 
to say, however, that he must hope to that electrically charged particles can be of light. A tachyon passing through the 
stumble on them somewhere in the uni- produced in pairs by the passage of high- region, on the other hand, wou!J rc;«:-h 
verse. One feature of all particle theories energy gamma rays (photons) through an equilibrium between gaining energy 
based on relativity is that they imply that matter. Many of the known types of from the field and losing energy through 
if particles of some type exist at all, it charged elementary particle have been radiation, and would therefore contim:e 
must be possible to create them from made in this way. It fr;illows that if elec- to radiate photons of about the cquilibri-
other particles, provided that enough trically charged tachyons exist, it should um energy. By fixing the value of the 
energy is available. For tachyons this be possible to produce them from pho- ficlr.l, the experimenters ,vere able to 
condition of having enough energy is tons. As indicated ~bove, the fact that make this cquilihriwn energy corresponJ 
particularly easy to satisfy, because fast tachyons can occur with zero total en- to photons of visible light, thus making 
tachyons have very low energy. It is ergy means that a pair of them can be the radiation easy to detect. 

thcrCW!l) e~ to s~ lµ:' c~¥Jriment~o~~fl1 d-l~ .e B'J~b,IOP91Gtrfl'i18? Rqrn,11nno3000,>:.tQ\lviiger an? Kn:is
con~Priw~~~f IITcij t:.fi~n~,1:i~r~o~ttf ~M!Mca's a pair oror~1nary part~res can er use'clgamma rays.'from a r,:•.d1oactivc 
be procluc.:l.!<l frorn otl1er particles if only be produced by a photon with an cesium source. These high-energy pho· 
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tons hil a lca<l shield that prevented cl0 ~; it is called th~ missing-mass mcth- will hr"c the same value in each event, 
'them from rcac!!ttSri.1ro'if#rlt<f dr·Cffel~1 ~O'OID08fffii ~8C!A1,1Rli>P9'6-M~0001000aQOOltL9s pro-
ly. Beyond the sfiic-ll'd\\'aS :l Ti.Igh-vacuum reactions among elementary particles arc duced';"'u1c missing mass will not have a 
region. contaLing two parallel plates examined in a detecting apparatus (in unique value but will vary from event to 
with an electric field bel\Ycen them [see our case a bubble chamber) in which the event, depending on the angle between 
illustration on 11ext page]. Pairs of momentum and energy of the charged the directions of the two neutral parti
chargcd tachyons coulcl be produced by particles in the reaction can be mea- cfos, among other things. Hence those 
tJ1e photon~ in passing through the lead, sured. In some fraction of the reactions events containing several neutral parti
and some of these would escape (since a number of neutral particles will be pro- clcs will in general show a distribution 
they speed up while losing energy) into duced in addition lo the charged parti- in the missing mass squared over a range 
t1rn region behveen the plates. A photo- cles observed. These neutral particles are of values. Since there is no way of know
multiplier tube was used to detect any usually not observed directly, and it is ing a primi whether a given event con
photons radiated by the tachyons passing often not even known how many of tains one or many neutral particles, the 
through the region. them arc produced. By applying the experimenter must combine all events to 

No positive indication of Cerenkov laws of the.conservation of energy and obtain an overall distribution of missing 
radiation, and hence no evidence for momentum, however, it is possible to mass squared [see illustration on page 
tachyon production, was found in this tell from the values measured for the 77]. The production of single particles 
experiment. More precisely, tJ1c rate of charged particles whether 01: not any will usually stand out as a peak at a 
production of tachyon pairs was found neutral particles liave been produced, specific value in the distribution of miss
to be less than one ten-thousandth of the and also what the momentum and en- ing mass. If there is no such peak, it usu
kno\\11 rate for producing electron-posi- crgy carried away by these particles are. ally means that the production of a single 
tron pairs by photons of slightly higher The latter quantities, defined as the djf- neutral particle is improbable compared 
energy. The mass-energy relation salis- ference between the energy or momcn- with the production of several neutral 
fled Ly tachyons makes it highly unlikely tum of the particles observed going into particles. 
that this rate can depend very sensitively the rcactfon and the energy or momen- In using the missing-mass method to 
on either the photon energy or the tum of the particles observed emerging search for neutral tachyons, we note that 
tachyon mass. Therefore it seems, with from the reaction, are knm\11 as the miss- if a single neutral tachyon is produced, 
one qualification to be discussed below, ing energy and momentum. If there are the missing mass squared is a negative 
that tachyons with a charge approxi- no missing energy and momentum in a number. Furthe1more, if two or more 
mately equal to the electron's charge given event, it suggests that no other neutral tachyons are produced, the miss
simply do not exist. Tachyons with a particles have been produced. ing mass squared can be either positi\·e 
charge differing from tlie electron's From the missing energy and momen- or negative depending on the confgu.ra
charge by more than a factor of two in tum in a specific event one can calculate tion. If the missing mass squared is ob
the upward direction or .1 in the down- a "missing mass squared" for the event. served to be negative for any events, 
ward direction ,vould probably not have If exactly one missing neutral particle then necessarily at least one t:1chyon 
been seen in tlie experiment. Of course, has been produced, the missing mass must have been produced among the 
und1argcd tachyons, which would not squared is the actual mass of the parti- neutral particles. In other words, a col
emit Cerenkov radiation, ,vould not liave cle squared. A number of elementary lection of ordinary particles cannot have 
been detected either. partides, such as the neutral eta meson, a negative mass squared. Hence in order 

The qualiucation t11at must be made to 
these conclusions is that it is uncer

tain whether or not tachyons might lose 
energy through processes other than 
Cerenkov radiatio·n. One such possibility 
is that a single tachyon could decay into 
several tachyons, each of lower energy. 
If there were such other energy-loss 
mechanisms, the amount of Cerenkov 
radiation actually emitted might be 
smaller than the anticipated amount, 
and the value of the upper limit for the 
number of tachyons produced would be 
.too low. For this reason, and because we 
are in general ignorant about possible 
interactions of tachyons with matter, it 
was thought desirable to search for 
tachyons in a manner independent of 
how they interact after being produced. 

Such an experiment was performed 
recently by a group at Columbia Uni
versity consisting of Charles Baltay, 
Ralph Linsker, Noel K. Yeh and myself. 
The method used was a well-known one 
for searching for new elementary parli-

have been detected in this way. The ob- to investigate neutral-tachyon produc
vious advantage of the method is tliat tion by means of specific incident parti
nothing need be assumed about what the cles, one makes a plot of the missing 
missing particle does after being pro- mass squared for all events and looks for 
duced. Its presence is indicated simply any events with a negative missing mass 
by the mass it represents, which is in- squared. The production of single tachy
ferred from measurements made on ons would give a peak in the missing
known particles. mass-squared distribution at some nega-

If a single neutral particle of a spe- tive value, whereas the production of 
ciflc kind is produced, the missing mass two neutral tachyons would give a broad 

CERENKOV RADIATION would be emitted continuously by an electrically chat·gcd tachy• 
on moving in a vacuum. The characteristic angle (0) at which the photon& (black) would 
be emitted would depend only on the speed of the tachyon: the fa,ter the tacl1yon, the gr·cat• 
er the angle. Ordinary charged partidcs, such as the eleclron, emit Cerenkov radiation 
only when tl1cy move through a substance faster than the fpecd of light in tbc suhstance, 
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distrifmtion of ffic total missing mass the cL!fcrcnce Between the sum of~' tachyon-procTuctwn events this should 
sr::,.!ared, over both positive and negative initial values for tl,e K meson and the only reduce the number by the ratio of 
values, without any sharp peaks. proton, and the values for the emerging remaining events to total events, where

Jn our experiment two reactions were 
studied. In one, negative K mesons 

were allowed to come to rest and be cap
tured by protons in a hydrogen bubble 
chamber. One neutral particle, a lambda 
hyperon, was produced and was detect
ed through its decay in the bubble cham
ber into two charged particles. (The mo
mentum and energy of the lambda,par
ticle can then be inferred from the mea
sured values for the charged particles.) 
In order to conserve energy and momen
tum other neutral particles had to be 
produced. These were usually a single 
neutral pion, or sometimes a neutral pion 
and a photon. The events had all been 
analyzed previously for other purposes, 
so that the momentum and energy of the 
charges were already measured. A plot 
of the missing mass squared ~vas made 
for some 6,000 events involving the cap
ture of a negative K meson. It should 
be realized that in this case the missing 
energy and momentum are defined as 

lambda particle, which, as indicated as it should eliminate all ~purious neg;:. .. 
above, can be inferred from its decay live-mass-squared events clue to capture 
products, even though it is neutral. In in /light. \VLen this test was carried out, 
om first set of measurements a number the number of events with negative miss
of events were found with a negative ing mass squared was reduced to 23 
missing mass squared, which suggested from an original total of 101, inclicat
tachyon production. Caution, ho,vevcr, ing that most of the su11posed tachyon 
suggested that various tests Le made be- events were actually captures in flight, 
fore this conclusion could be accepted. producing ordinmy particles. 

One test involved making sure that The remaining events were carefully 
tho K mesons \Vere really at rest when remeasured to ensure that the missing 
captured. If this were not the case, the mass squared had been correctly mea
missing mass squared would be incor- sured. It was found in each case that the 
rectly calculated for a given event, since trne missing mass squared was posith·e 
in the calculation it was always assumed or zero, within the precisfon of the mca
that the meson was at rest when cap- surements. Hence what was originally a 
tured. If the direction of the lambda par- substantial number of tachyon-candidate 
ticle were nearly the same as the actual events was reduced, after careful study, 
direction of a K meson captured in flight, to none at all. By compa.ring the limit on 
then the missing mass squared could be tachyon production {less than one) with 
measured as negative when it was really the total number of events seen, most of 
positive. Accordingly all events in which which had a missing mass squared rep
the angle between tl10 K meson and the resented by a neutral pion, it can be in
lambda particle was less than 60 degrees ferred that the rate of tachyon produc
were removed froin the sample. For true tion is less than one part in 400 of the 

PHOTOMULTIPLIER 

~ LEAD SHIELDING/ 

EXPEIUl\lENT designed to detect cluirged tachyons by means of high.vacuum region, which. contained two pn'rallel plates with an 
their Cerenkov radiation was carried out two years ago by Tor,;teri electric field between them: The purpose of the electric fidd wa, to 
Alviiger and Michael N. Kreisler at Princeton University. They transfer just enough energy to the tachyons to compensate for tl:e 
usccl a radioactive cesium source to provide hir,h-cnergy gamma energy they lost throu~h radiation, thus enahlin;; them ta wnzinae 
rnys I y ), which were allowed to hit a lead shield that prevented to radiate photons of vi,;ible light. A photomultiplier tuhc was metl 
diem from reaching the detection apparntu; directly. Pairs of to detect any photon~ rndiate<l J1y the tachyons p:issinir throHsh 
charierl tachyons could l1e C,£Od)1ced by the gamma !.al photons in this region. No positive indication of Cerenkov radi.iiion (nnd 
pa,;;Ji\pfDr<G>~ed: it.Qt :ITC.e.leaset~ClOQL&w,1:0,e: iCJA-RmB96~07a81RD00t1iOQ03000~1,S in this cxpe1.·.i1HeJll 
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a slrnng production process. Of course,

1 

I 
the tachyva protiuc:tion rate was also 
C'onsistent with zero. I 

A simil.ir search by the same group, 
carried out on the annihifalion of anti
J)rotons with protons, gave no examples 
of tachyon pruduction and a similarly 
low limit for the rate of tachyon produc
tion in that reaction. In C'ach of the ex
periments sing!~ tachyous could be pro
duced only if their mass squared was 
within a specific range of valtics, and 
hence the experiment tested single
tachyon protludion only for particles in 
that mass range. There arc reasons to 
believe, l1owen·r, that single-tachyon 
production is forbidden any,rny, just 
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as single production of electrons with- ca 
N 

out allier similar particles is forbidden. $ 
);°onetbeless, production of l\rn \achy- o:: 
ons, or of tachyon-antilad1yon pairs, is ~ 
not so forbidden. Sueh two-particle pro- ~ 

z duclion could occur in either experiment uw;; 20 r--·-·---

1 
________ . -·------------·····--·--·--·-, .. _______ 

1 no matter what the sc1uared mass of the I [ 

individual tadiyons was, and so the ex- 0 
periments actually put rather sharp Jim- ffi 15 ----------------1------·------------···---,---- ----------1 
ils on the production of tachyons of any g/ 
mass, except for values so near zero that =i 

z 
they arc within the experimental error of I ! I : 
Leing positiYe. t ; 

5 --1-·--·-·--··1··-------ri h.f1rJl [ -- ~---i }30th of the direct experimental search-
es for tachyons that ha\"e been car

ried out ha,·e therefore yielded negative 
results. Indirect argmncnts have also 
tended to restrict still further the pos
sible interactions of tachyons. According 
to one of these arguments, if charged 
tachyons exist, the photon would not he 
a stable object but instead would decay 
\\'ilhin some time period inlo a pair of 
charged tachyons. \Ve know that pho
tons can tra\'el for billions of years across 
i.alergalactie space without so decaying. 
This implies that if charged tachyons 
exist at all, then either their charge is 
many orders of magnitude smaller than 
that of I.he electron, which means that 
they interact wry weakly with photons, 
or else their mass squared is \'CT)' close 
to zero, whic:h makes them difficult lo 

0 ··- -----·----- ----··---· ' -- '. . . . --~. --------·-···-j 
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MISSING MASS SQUARED (BILLIONS OF ELECTRON VOLTS SQUARED) 

RESULTS of the analy,;is by the author and his colleagues at Columbia of some 6,000 
lmhblc-chamher events involving the capture of a negative K meson are presented here in 
the form of two curves repre;;enting the overall distrihution of missing mass ;;quared for all 
events in terms of its energy equivalent in billions of electron volts squared. The higheot 
peak in each case corresponds to the production of single neutral pious. The production of 
single neutral tachyons would result in a fimilar peak at 80llle negative value of mi,-sing 
mass squared, whereas the production of two neutral tat'hyons would gh-c a liroad distribu
tion of the total missing mass squared over both positive and nel(ative values without any 
~harp peaks. Jn an early set _of measurements (to[>) a numher of events were found with a 
negative missing mass squared, ,d1ich suggested tachyon 11roduction. In a ,uhsequenl test 

·(bot.tom), which involved rechecking some of the measurements, the numher of events 
with negative missing ma~s squared was reduced to essentially zero, indicating that mo,t 
of the supposed tachyon e\"lmts were uclnally errors in the lirst set of mea,uremcnts. 

distinguish from ordinary particles. Sim- results to conclude that h•chyons cannot nomcna, sucl1 as msmic rays. A difficulty 
ilar mndmions can be <lrawn from in- be produced at all from ordinary parti- in carrying out such a search is that 
<.Hrccl arguments about the \·cry small cles, \Ve seem to be left with two possi- tachyons should lose energy rapidly and 
iutcraclions of neutral tachyons. bililics. One remote possibility is that become hard to detect. The second pos-

The possibilit~· that tachyons exist hut tachyons do interact with ordinary par- sibility is that tachyons simply do not 
do not interact at all with ordinary par- licles and can exchange energy with exist, and that n;1ture has not filled the 
dcles need not concern us, because if them but cannot he produced from them. niche that is allm,·cd by the theory pf 
they do not interact with the objects that This situation would strongly contradict relativity. If this iv the case, as now 
.:ampose our measuring instruments, we all our experience with relativistic quan- seems probable, \\'e may not understand 
ji:we no possible way to detect them, and tum theories of particles, and so it is im- whv it should be so until we reach a 
:o>r our pwvoscs il is the same as if they probable hut perhaps not impossible. mn~h deeper understanding of the na-
do not exist al all. The hypothesis could be tested by lure of elementary particles than now 

H \\'C plausibly ~pi~gJ~d a~':;; R;,;~~1i ~ooo'Yoa,10 tctt-~DP9c6~\cfo1s1R000100030001-9 
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